Stimulation of cerebrovascular parasympa thetic nerves markedly increases cortical blood flow. Ni tric oxide (NO) or a NO-containing compound is present in these nerves and may therefore, upon release, be partly responsible for the flow increase. In addition, transmit ters released from the nerves may cause synthesis and release of this compound from the endothelium. The contribution of NO synthesis to the cortical blood flow (CoBF) increase during parasympathetic stimulation was elucidated in rat by laser-Doppler flowmetry.
The pial arterial tree is innervated by a network of parasympathetic fibers (for review see U ddman and Edvinsson, 1989; Suzuki and Hardebo, 1993) . Some of these fibers may extend along branches into the brain parenchyma. Stimulation of the para sympathetic fibers markedly increases the cortical blood flow (CoB F) (see Suzuki and Hardebo, 1993) . Upon activation, these fibers may modulate cere bral autoregulation (Koketsu et aI. , 1992; Morita Tsuzuki et aI. , 1993) and suppress infarction volume following cerebral artery occlusion (Kano et aI., 1991; Koketsu et aI., 1992) .
Acetylcholine, present as transmitter in parasym pathetic nerves (Suzuki et aI. , 1990a) , exerts its whole vasodilator action through a release of endo-exposure to this dose or 30-min exposure to 5 mg kg -1 caused a less marked reduction. The reducing effect was particularly evident after elimination of the systemic blood pressure increase caused by L-NAME (only 3% increase after the high dose). Infusion of L-arginine re stored the flow response. Resting CoBF was not substan tially affected by blockade of NO formation. Thus, re lease of an NO-containing compound constitutes a major component of the increase in CoBF caused by parasym pathetic nerve stimulation but does not seem to contrib ute to cortical flow regulation during resting conditions. Key Words: Autonomic nerves-Cerebrovascular regula tion-Endothelium-derived relaxing factor-Nitric oxide. thelium-derived relaxing factor, i. e., mtnc oxide (NO) or a NO-containing compound (Toda and Okamura, 1990; Faraci and Heistad, 1991) . NO is synthesized from L-arginine by NO synthase. This enzyme is present not only in the endothelium (Bredt et aI. , 1990) , but also in perivascular nerves in the cerebral circulation (Bredt et aI. , 1990; N ozaki et aI. , 1993) . The majority of the enzyme containing nerves are parasympathetic in nature (Nozaki et aI. , 1993) . Neuropeptide Y and vasoac tive intestinal polypeptide are also present as trans mitters in the parasympathetic nerves (Suzuki et al., 1988 (Suzuki et al., , 1990b ) and exert their vasoconstrictor or dilator action without contribution from endothe lium-linked mechanisms (Uddman and Edvinsson, 1989) . Other as yet unidentified transmitters may be present in these nerves with an influence on vascu lar tone that may be endothelium dependent.
We studied in vivo whether an inhibitor of NO synthase attenuates the cerebrovascular response to parasympathetic nerve stimulation. The nerves to the brain vessels were stimulated before and after blockade of NO synthesis.
METHODS
A total of 10 male Sprague-Dawley rats weighing 300-400 g were used.
Laser-Doppler flowmetry
The animals were anesthetized with a-chloralose (100 mg kg-1 i.p.; Sigma). Anesthesia was maintained with repeated intramuscular injections of ketamine hydrochlo ride (Ketalar, 30 mg kg-I; Parke-Davis). Both femoral arteries were catheterized, one for recording of MABP and the other for withdrawal of blood and sampling for arterial blood gas analysis. One femoral vein was cathe terized for administration of drugs. The trachea was can nulated, and the animal was immobilized with alcuronium chloride (Alloferin, 0. 15 mg kg-1 initially plus 0. 10 mg kg-1 every 30 min thereafter i.v.; Roche) and mechani cally ventilated with room air. The body temperature was maintained at 37. 5 ± O.soC by a heating blanket and lamp.
The head was fixed on a stereotaxic frame and the right parietal bone was exposed. A small hole of 2.0 mm in diameter was made in the parietal bone over the cortex supplied by the middle cerebral artery (MCA), using a dental drill (Tecno 816A; Svedia) under continuous cool ing with physiological saline. The center of the hole was located 3 mm lateral to the sagittal suture and 4 mm cau dal to the coronal suture. The dura (thickness 30 /-Lm, as separately measured in frozen sections) and a thin inner bone layer (�0. 1 mm) were kept intact. The vessels in the dura and in the pia could be clearly seen through the hole.
The microvascular blood flow of the parietal cortex was continuously recorded by a laser-Doppler flowmeter (Periflux PF2B; Perimed) with gain of x3, bandwidth of 12 kHz, and time constant of 3.0 s. The measuring probe (PF 303; diameter 1.0 mm, fiber separation 0.25 mm) was placed on the thin bone layer in the hole using a micro manipulator, and the position was carefully chosen to avoid large dural and pial vessels. This type of probe registers blood flow in a tissue depth of �o. 7 mm (Jo hansson et aI., 199 1). Since the flow in the bone is negli gible and the flow in dura is small, the registered blood flow represents mainly cortical flow.
CoBF and MABP were registered on a two-channel strip-chart recorder (model SE 120; Goerz, Metrawatt). Since CoBF shows spontaneous rhythmic vasomotion (Morita-Tsuzuki et aI., 1992), mean CoBF was deter mined as the mean of the maximum and the minimum blood flow during the vasomotion cycle.
Stimulation of parasympathetic nerves
Before measurements of CoBF was started, the follow ing operation was performed. The head was fixed in a holder and a sagittal scalp incision was made above the right orbit. Intraorbital structures were retracted laterally to expose the ethmoidal foramen and its contents, i.e., the nasociliary nerve, the ethmoidal artery and vein, and the membranous drape-like structure in which postgan glionic parasympathetic nerve fibers run from the sphe nopalatine ganglion along the medial orbital wall (Suzuki et aI., 1988) . The electrode was placed around these structures. The MCA on one side receives its major sup ply of parasympathetic fibers from the ipsilateral spheno palatine ganglion in this rat strain (Suzuki et aI., 1988) . To stimulate only parasympathetic nerves, the closely run ning sensory nasociliary nerve had been cut �3 mm prox imal to the foramen at an identical surgical approach per- 13, No.6, 1993 formed 2 weeks earlier under anesthesia with equithesin (for composition, see Suzuki et aI., 1988) .
The parasympathetic nerve was stimulated with 0.5-ms pulses at 5 V and 6 Hz during 90 s, which were repeated 10 and 30 min after administration of the NO synthase inhibitor N",-nitro-L-arginine methyl ester (L-NAME) 5 mg kg-1 (five animals) or 50 mg kg-1 (five animals), and also when the L-NAME-induced rise in MABP had been normalized by withdrawal of blood (1.0-2.0 ml in the low dose group, 2.0-3.5 ml in the high-dose group). Thereaf ter, the blood was reinfused, and stimulation was re peated 0 and 30 min after a 30-min intravenous infusion of L-arginine, when a total amount of 100 and 1,000 mg kg -I, respectively, had been given (corresponding to 5 and 50 mg kg-1 of L-NAME).
RESULTS
Parasympathetic stimulation caused a rapid and marked increase in CoBF. The stimulation contin ued for 90 s. Figure 1 gives flow values after 10 s and at 30-s intervals. Table 1 presents peak flow values.
Injection of L-NAME caused a considerable in crease in MABP (Table 1) . Despite this, resting CoBF was not significantly altered (Table 1) , as continuously monitored during and after the injec tion. This indicates a maintained cerebral autoreg ulation in this model (see also Morita-Tsuzuki et aI., 1992) . The peak CoBF response to parasympathetic stimulation was, however, slightly attenuated 30 min after the low L-NAME dose; it was already attenuated 10 min after the high dose, and markedly so 30 min after the high dose (Table 1) . Parasympa thetic stimulation as soon as 10 min after the low L-NAME dose caused, on the other hand, a poten tiated peak CoBF response in three of five rats. This probably reflects that parasympathetic nerve activation causes a more marked vasodilatation at high blood pressures (during an insufficient NO synthesis blockade).
Therefore, in order to better compare the CoBF responses to parasympathetic stimulation in the ab sence and presence of NO synthesis blockade, the L-NAME-induced MABP increase was eliminated by withdrawal of blood. After bleeding to nor motensive values, the CoBF response to stimula tion was significantly attenuated, particularly with the high L-NAME dose (Table 1) . Figure 1 demon strates that L-NAME attenuates the magnitude of CoBF response but does not affect the time course of the response during stimulation.
Infusion of L-arginine 100 mg kg -1 during 30 min completely restored the CoBF response to stimula tion in the presence of L-NAME 5 mg kg -1, as mea sured directly and 30 min after the end of L-arginine infusion. Infusion of L-arginine 1,000 mg kg -1 dur ing 30 min restored the CoBF response to stimula- Statistical significance according to analysis for multigroup repeated measurements de sign, followed by analysis of variance: *p < 0.05, "p < 0.01 for differences in mean 6CoBF. tion in the presence of the high L-NAME dose to such an extent that there was no significant differ ence from the control condition, when measured both directly and 30 min after the end of infusion (Table O. 
DISCUSSION
The present finding of a markedly enhanced CoBF upon stimulation of the perivascular para sympathetic fibers is in agreement with previous studies (see Suzuki and Hardebo, 1993) . In three of five animals tested after exposure for a short time with a low dose of L-NAME, the response was even larger. This may be attributable to the high blood pressure situation caused by L-NAME. Thus, it is possible that the magnitude of parasympathetic CoBF increase is related to the momentary blood pressure being more pronounced at higher pres sures. Accordingly, it was found necessary to re store resting blood pressure levels (by bleeding) be fore further experiments on the L-NAME-induced effect on CoBF were performed.
It has recently been demonstrated that NO syn thase is present in cerebrovascular nerves. The sphenopalatine ganglion is the major source (>75%) for these nerves, and the enzyme coexists with va soactive intestinal polypeptide in several of the gan glion cells (Nozaki et aI., 1993) . The enzyme is TABLE 1. MABP, resting CoBF, and peak values fo r CoBF increase caused by parasympathetic nerve stimulation, before and after exposure in five animals to a low (L) and in five animals to a high (R) dose of Nw-nitro-L-arginine methyl ester L-NAME; 5 and 50 mg kg-I without or with elimination (by bleeding) of the rise in MABP caused by L-NAME Subsequent restoration of basal conditions after reinfusion of blood and addition of L-arginine infused during 30 min (100 mg kg-1 for the low L-NAME dose and 1,000 mg kg-1 for the high L-NAME dose.)
Statistical comparison to control conditions. Values are means ± SD. Statistical significance according to analysis of variance: ap < 0. 05; bp < 0. 01; Cnonsignificant. present also in some sensory cranial fibers (N ozaki et al., 1993) . NO synthase-positive fibers have also been demonstrated in human pial arteries (Nozaki et al., 1993) . Pharmacological studies in cat, dog, and cow on isolated pial arterial segments in vitro, with relaxation caused by electrical field stimula tion of the perivascular nerves, have indicated that NO or a related compound is involved in this va sorelaxing response Okamura, 1990, 1991; Gonzales and Estrada, 1991; Lee et al., 1991) , whereas others have been unable to produce purely neurogenic responses in pial arteries from these and other species (Hardebo et al., 1989; Bevan, 1993) .
NO synthase is also present in the endothelium (Bredt et al., 1990) . Acetylcholine, released from perivascular parasympathetic nerves and diffusing through the smooth muscle cell layer, may reach the endothelial cells and stimulate the synthesis of NO or a related compound (e.g., Wei et al., 1992) .
NO, after diffusion across cell membranes, relaxes
the smooth muscle cell by activating intracellular guanylate cyclase (Mollace et al., 1991) . Transmit ters in other nerves, like substance P, also cause cerebrovascular relaxation through an action on the endothelium (see Uddman and Edvinsson, 1989) .
The present study demonstrates in vivo that NO or a related compound synthesized from L-arginine is responsible for a major component of the CoBF increase caused by parasympathetic nerve activa tion. A dose of L-NAME of 5 mg kg -1, chosen from pilot experiments (using 1, 3, 5, and 10 mg kg -1) because it gave near-maximum increase of MABP within the autoregulatory range, was found not to be optimal to block NO synthesis, even after pro longed exposure (30 min). Therefore, a dose of 50 mg kg-1 was also tested, which caused a more pro nounced blockade, particularly after prolonged ex posure. Restoration of NO synthesis by addition of exogenous L-arginine was easily achieved at the low L-NAME dose but only partially at the high dose.
NO synthesis blockade did not affect the resting CoBF, in agreement with findings by Pellegrino et al. (1992) . In other words, a possible continuous release of NO or a related compound from the en dothelium or perivascular nerves is not of enough magnitude to contribute to flow regulation in corti cal cerebral vessels during resting conditions (un less autoregulation is able to immediately mask an effect). In deeper cerebral tissue, however, such a contribution may be of functional importance (Tanaka et al., 1991; Pellegrino et al., 1992) . Others find this to be valid also in cortical vessels (Faraci, 1991; Tanaka et al., 1991; Prado et al., 1992) . Such discrepancies may at least partly result from meth odological differences.
J Cereb Blood Flow Metab. Vol. 13, No. 6, 1993 The present study does not elucidate the extent to which a direct release of neuronal NO is responsible for the parasympathetic flow increase. A compo nent of endothelium-derived NO synthesis, initiated by the release and diffusion of neuronal acetylcho line or a hitherto unknown transmitter, is possible.
However, the contribution of acetylcholine to such a response is probably minor, if any, since blockade of the muscarinic cholinergic receptor by scopol amine does not attenuate the response to parasym pathetic nerve stimulation in rat (Suzuki et al., 1990c) .
Activation of cerebrovascular parasympathetic nerves, with a resulting increase in CBF, appears to play a significant role during certain pathological conditions. These nerves may contribute to cere bral autoregulation at low blood pressures (Koketsu et al., 1992; Morita-Tsuzuki et al., 1993) and to lim iting the ischemic infarction volume (Kano et al., 1991; Koketsu et al., 1992) . Particularly, the release of NO, directly from the nerves and/or indirectly from the endothelium, seems to be of importance for this action (Yamamoto et al., 1992) .
